
Power Converter6.331 Lab 2Piotr MitrosFebruary 22, 20021 Introdu
tionWe 
ame up with a somewhat nifty topology, ran out of time in the implementation, mostlybe
ause in addition to the interesting topology, we were attempting to make the output ofthe power 
onverter power several of the devi
es, and had some startup issues (the 
ir
uithad a number of other fairly ambitious aspe
ts, in
luding feedforward 
ontrol of severalparameters based on input voltage level, a very high swit
hing frequen
y, et
.). As a result,we implemented a boring, brute-for
e approa
h to meet the spe
s. We'll present the desired(interesting) topology at the beginning of the paper, and mention what we did instead atthe end.2 The VAL Power ConverterOur basi
 power 
onverter topology is:
L C R

Vdd

Here, we have three 
y
les. During D1, the indu
tor is 
onne
ted to VDD and 
harging,D2 when it is 
onne
ted to ground, storing 
harge, and D3 when it is dis
harging on theload.This system gives us the 
hara
teristi
 equations:~iLs = D1 � Vin �D3 � Vout~voutCs = �VoutR +D3I1



Linearizing, ~iLs = (D1 + d1)VIN � (D3 + d3) � (VOUT + ~vout)~voutCs = �VOUTR � ~voutR +D3I + d3I +D3~iSimplifying, ~voutCs = �~voutR + d3I +D3~i~iLs = d1VIN �D3~vout � d3VOUTAnd 
ombining,~voutCs = �~voutR + d3I + D3Ls (d1VIN �D3~vout � d3VOUT )Grouping ~vout, ~vout(Cs+ 1R + D23Ls ) = d3I + D3Ls (d1VIN � d3VOUT )~vout(LCs2 + LsR +D23) = (ILs�D3VOUT )d3 + (D3VIN)d1~vout = ILs�D3VOUTLCs2 + LsR +D23 d3 + D3VINLCs2 + LsR +D23 d1There are two obvious ways to 
ontrol this:� We 
an now open-loop 
ontrol D3 and 
losed-loop 
ontrol D1. This eliminates the loopgain dependen
e of VIN , but we still keep a right half-plane zero.� We 
an 
losed-loop 
ontrol D3. We get no zero, but we maintain load dependen
e.However, we 
an do signi�
antly better if we 
an 
ontrol both. We de�ne a 
ontrolvariable � and let d1 =  � and d3 = �, for  > VOUTVIN;min . This gives:~vout = ILs�D3VOUTLCs2 + LsR +D23 � + D3VINLCs2 + LsR +D23 � = Ls�D3VOUT +  D3VINLCs2 + LsR +D23 �With  D3VIN � D3VOUT > 0. This moves the zero from the right half plane into theleft half plane. Physi
ally, what happens is when we adjust D3, the output drops before itbegins to rise. We exploit this by adjusting D3 in reverse. We use it to give a little bit ofextra boost at �rst, but by the time the output would start falling o� from D3, D1 ki
ks into 
ompensate. The zero is very far out, for small swings of D3. For large swings of D3, thepower 
onverter is somewhat ineÆ
ient.Pra
ti
ally, this means we drive overall duty 
y
le down by a fair margin if we wantto in
rease output. This short duty 
y
le results in a mu
h greater strain on the devi
es,although we 
an, again, redu
e this in three ways:2



� Sin
e this system is already very responsive, we 
an lower swit
hing frequen
y� We 
an open loop 
ontrol to set the time of D2 based on the 
urrent VIN . This setsthe baseline for D1 and D3 at a given VIN to a reasonable value, while keeping theD1 : D3 ratio �xed.� We 
an distribute the load among several devi
esFrom there, we 
an 
ompensate it with a pole at the origin and a se
ond zero in the lefthalf plane. This gives us root-lo
us of:
To a �rst order, we 
an extend the gain arbitrarily high, until we run into the higher-orderpoles around the swit
hing frequen
y, op amp poles, et
.Our 
ir
uit for this is:

−

+

VinWe were planning to run a se
ond feedba
k loop around this to keep the 
enter valuereasonable, so that we would only have a small period of time idleing.3 Our ConverterWe used a standard boost topology for a -10V output. In order to in
rease swit
hing fre-quen
y, we distributed the swit
hing load among several swit
hes.3.1 High Voltage StagesUnless otherwise noted, VDD refers to the input voltage in the high voltage stages.
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3.2 Swit
hes
Vdd

10Ω

−

+ 220Ω
100k

1k

Vref

5V

1k

1k

Vref

0.82µF
311We found that the IRFD9110s had a somewhat higher RON than rated. Our powerdissipation was a
tually dominated by stati
 dissipation. Worse, as the swit
hes warmedup, RON would in
ease, and we would have severe thermal runway problems. To 
ombatthis problem, we sta
ked three devi
es in parallel. This redu
ed stati
 dissipation to be
ompletely manageable.Ea
h swit
h is driven by a 3904/3906 push-pull pair. That, in turn, is driven by anLM311 
omparator. The 
omparator 
ompares the TTL output of the previous stage to a2.5V referen
e voltage. The same referen
e is used for all swit
hes.On all 311s, all the extra pins on the V+ side are 
onne
ted to the input voltage, andall on the V� side are tied to ground. A

ording to the spe
 sheet, this gives slightly higheroutput 
urrents.For power dissipation 
al
ulations, we initially used P = I2l RT1 for stati
. We approxi-mated dynami
 as �swit
h � (VIN � VOUT ) � Il � f=2. This assumes 
urrent drawn stays �xed,while output voltage is a triangle wave. In addition, we have some additional power dissipa-tion due to swit
hing os
illations, while some of the swit
hing power is eaten by the dampingleg. We did not 
al
ulate those. With the spe
i�ed RON from the spe
 sheets, and the powersplit among the swit
hes, we found that we 
ould 
onservatively swit
h at about 2MHz. Inpra
ti
e, due to RON issues, we s
aled this down to 1MHz.3.3 Output StageOur output stage is as follows:

20Ω0.82uF 0.82uF

0.4uH

2200pF

10uH

10Ω

2200pF

10Ω

Vdd

1 ohm

470uFDuring the design stage, we 
hose the 1.6pf of output 
apa
itan
e is 
hosen to keepswit
hing ripple under 200mV (C = IoutT3=Vripple). We found that in pra
ti
e, althoughthis managed ripple, we still had a large spike due to some swit
hing transient, so we did4



not meet our ripple spe
. To improve this, we added damping legs on the diode and on thetransistors. In addition, we added a small indu
tor to �lter out high frequen
y spikes (LCtime 
onstant of about ). This gives about 175mV of ripple in
luding swit
hing transient,and 60mV before.We 
hose L = VOUTT3=Il, so that the indu
tor 
urrent would not have time to fullydis
harge. This gave a value of about 10mH, but we in
reased it a bit in order to be
onservative.We use a single damping leg for all of the swit
hes, and a se
ond damping leg for thediode.3.4 Input Stage
1k10Ω

1000uF

.82uF

Vin Vout

10uH

We have a maximum of a 1:5APP square wave on the input at 1MHz. Our raw input�lter had C = 0:82�F , L = 40�H, although the value of 
apa
itan
e was in
reased by afew �H by bypass 
apa
itors s
attered throughout the 
ir
uit. This gives a se
ond orderroleo� starting at about 52KHz. At 40dB=de
ade, this gives an input ripple of � 1:5A=400,whi
h is 
lose to three times below spe
. In pra
ti
e, the square wave 
onsists of multipleharmoni
s, most of whi
h are attenuated far more than the 1MHz. Bypass 
aps will alsolower this signi�
antly.To prevent os
illations of the LC �lter, 
ombined with the negative impeden
e input, weput in a damping leg. Assuming the 
ir
uit su
ks 
onstant power: V = P=I and R = dV=dI.This maximize to 12
, so we used a 10
 in the damping leg.As an \on" indi
ator, we used a red LED. We added a power swit
h for 
onvenien
e indebugging. Stri
tly, pla
ing the swit
h after the input �lter would give a 
leaner power-uptransient on both sides, but this set up was more 
onvenient for 
onstru
tion and testingpurpose (we added it after we had the input �lter built, and we were able to maintain themeasure point for Vin prior to the input indu
tor drop).4 Low voltage stagesAll of the 
ontrol systems run o� of a regulated 5V. We use the following 
ir
uit to regulate:
LP2954in out

gnd

0.82uF 2.2uF

Vin Vout
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4.1 SplitterAs mentioned, we have four output swit
hes. Every fourth pulse goes to every fourth swit
h.To split up the PWM signal, we use the following 
ir
uit:
Vcc Clear Borrow Carry Load Data CData A Data D

Data B QaQb
Count Count

DownUp Qc Qd Gnd

74LS193 Binary Counter 74LS138 Demultiplexer

Vcc y0 y1 y2 y3 y4 y5 y6

y7 GndA B C G2A G2B G1

PWM10k

Preclock

Vdd 1k 1k

1k 1k 1k 1k

Vdd

The splitter is just a 
ounter 
onne
ted to a demultiplexer. The 
ounter sele
ts whi
hswit
h the input goes to. The demultiplexer a
tually passes the pulses through to the rightswit
h.It takes two inputs, a pre
lo
k that is used for the digital logi
 to swit
h to the rightoutput, and a PWM signal that is then passed to the swit
h. The pre
lo
k must 
ome inbetween PWM pulses, while all of the swit
hes are turned o�.We use 1k pull-up resistors to speed up the output waveform, as the logi
 family hasmu
h higher sink than sour
e 
urrent.4.2 PWM TopologyOur PWM generator is as follows:
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−
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The top left 311 is just a 1MHz S
hmidtt trigger os
illator. The bottom left 311 is the
ompensator. The bottom middle 6152 s
ales and 
lips the output of the 
ompensator. Thepair of 311s 
ompare the output voltages of the os
illator to the referen
e voltages to generatethe a
tual PWM and pre
lo
k signals.The 
lipping is done as follows: the bottom middle 6152 uses a resistor network to Vin toset the right PWM frequen
y open-loop for the input voltage, assuming no transients. Wewant D = V1�V , whi
h we approximate as D = a + V 
. For our input voltage range, thislinear approximation is a

urate to within about 4%:
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In pra
ti
e, this error is a bit larger, be
ause:� The os
illator does not put out a perfe
t triangle wave, and 
hanging voltage 
hangesduty 
y
le by di�erent amounts at di�erent voltages� Our resistor values are not perfe
tly �ttedIn pra
ti
e, we 
hose our resistor values to give output voltages as just over 10V. We fedthe input from the 
ompensator through a diode, so that it 
ould not in
rease this voltage,but only pull it down to 10V. We also put in a 9.1k resistor, so that it 
ould not pull it toolow (in pra
ti
e, to below about 5V). This was designed so that even if the feedba
k loopwent 
ompletely unstable, the output stages would not blow up.The bottom middle 6152 is stri
tly redunant, as we 
ould work out the polarities onthe resistor networks to a

omplish the same task between the 
ompensator and the output
omparator. We used it be
ause the 6152 pa
kage 
omes with two op-amps, and using it
on
eptually simpli�ed the design.The bottom left operational ampli�er is the 
ompensator. We bring the output up by azener drop, 
ompare it to a referen
e voltage, and feed in.4.2.1 ControlsAs derived in the initial se
tion, 7



~vout = ILs�D3VOUTLCs2 + LsR +D23 d3 + D3VINLCs2 + LsR +D23 d1For this topology, d3=1� d1, so:~vout = ILs�D3VOUTLCs2 + LsR +D23 d3 + D3VINLCs2 + LsR +D23 (1� d3)This gives two poles and a right half-plane zero. With our values of L and C (in Matlab,
omputed to be 20% greater than 
al
ulated), we found we 
ould 
ompensate this prettyeasily with a simple PI 
ompensator. We had a very slow integral term, and a proportionalterm to give the desired bandwidth.We got about 20KHz bandwidth. We 
ould not trade o� this bandwidth for gain, sin
eany lower proportional gain and we would not have had enough negative feedba
k at 8KHz.We barely met the overshoot spe
 of 10 per
ent at 16V, and then only for very small inputs(the overshoot up 
hanged signi�
antly with step amplitude).
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